In many prostate cancer (PCa) patients, the cancer will be recurrent and eventually progress to lethal metastatic disease after primary treatment, such as surgery or radiation therapy. Therefore, it would be beneficial to better predict which patients with early-stage PCa would progress or recur after primary definitive treatment. In addition, many studies indicate that activation of NF-κB signaling correlates with PCa progression; however, the precise underlying mechanism is not fully understood. Our studies show that activation of NF-κB signaling via deletion of one allele of its inhibitor, IκBα, did not induce prostatic tumorigenesis in our mouse model. However, activation of NF-κB signaling did increase the rate of tumor progression in the Hi-Myc mouse PCa model when compared to Hi-Myc alone. Using the non-malignant NF-κB activated androgen depleted mouse prostate, a NF-κB Activated Recurrence Predictor 21 (NARP21) gene signature was generated. The NARP21 signature successfully predicted disease-specific survival and distant metastases-free survival in patients with PCa. This transgenic mouse model derived gene signature provides a useful and unique molecular profile for human PCa prognosis, which could be used on a prostatic biopsy to predict indolent versus aggressive behavior of the cancer after surgery.
plays a critical role in the progression of PCa to castrate resistant and metastatic cancer (13) (14) (15) (16) (17) . We have further reported that activation of NF-κB signaling promotes growth of PCa cells in bone (18) .
However, the detailed mechanism by which NF-κB signaling contributes to PCa development and progression, and whether activation of NF-κB signaling is sufficient to predict poor survival outcome and systemic metastasis in the patients with PCa are not fully understood.
In this study, we investigated the role of NF-κB signaling in PCa initiation and progression using a NF-κB activated PCa mouse model and generated a gene signature from a non-malignant NF-κB activated mouse prostate that distinguishes subsets of human cancer and predicts clinical outcome in PCa. Our study show that NF-κB activation via deletion of one allele of IκBα (inhibitor of NF-κB) does not induce prostatic tumorigenesis, but it does decrease the time required to develop PCa in the ARR 2 PB-myc-PAI (Hi-Myc) mouse model when compared to Hi-Myc alone. In addition, a gene signature generated from a non-malignant NF-κB activated androgen depleted mouse prostate distinguishes subsets of human cancer and predicts clinical outcome in PCa patients. To our knowledge, this is the first report of a genetically engineered non-cancerous mouse model where the gene expression signature is effective in predicting the clinical outcome in PCa. Most importantly, our ability to identify PCa patients at most risk of disease progression is via a signature that is generated from the increased NF-κB activity and decreased androgen receptor signaling. Generating this signature from the mouse did not require a cancerous phenotype to develop in the prostate. This suggests that primary PCa that shows activation of the NF-κB pathway predisposes these patients to failure of androgen deprivation therapy resulting in metastatic and castrate resistant disease. 6 Santa Clara, CA). RNA samples were submitted to the VMSR for amplification (NuGen Systems, Inc., Traverse City, MI) and labeling, followed by hybridization to Affymetrix GeneChip Expression Arrays.
Microarray data sources. The mouse microarray dataset included 4 groups (wild-type and IκBα+/-mice; intact and castrated). Normalized microarray data (Mouse 430 expression arrays) were preprocessed in Vanderbilt Microarray Shared Resource (VMSR). For survival analysis, we downloaded a human PCa dataset from NCBI GEO (GSE10645) (23) . The human dataset includes 596 patient samples with three common clinical survival outcomes: no evidence of disease progression (NED), PSA recurrence alone (PSA) and systemic metastasis (SYS) (24) .
Generation of the NF-κB signature. The microarray data analysis was performed to directly compare prostate tissues from intact/castrated wild-type and IκBα+/-(intact mice group: wild-type versus IκBα+/-mice; castration group: castrated wild-type versus castrated IκBα+/-mice; and wild-type versus castrated wild-type mice). For statistical analysis, we used the Significance Analysis of Microarray (SAM) software package from Stanford University (25) , and based on our practical consideration, the SAM false discovery rates (FDR) were adjusted to obtain approximately equal number of significant genes (ca. 500) for various mouse signatures. Unsupervised hierarchical clustering was performed with various extracted signatures using TIGR MeV program (26) . In order to define corresponding orthologous human NF-κB signatures for cross-species survival analysis, NCBI Gene and NCBI HomoloGene databases were used to translate mouse array probesets to human homolog gene symbols.
Thereby, we generated the human genes NF-κB signatures. Using EXALT validation modular (27) and the human PCa data sets (GSE10645), we performed survival analysis on the human NF-κB signatures. Cancer-specific survival and metastasis-free survival analysis of human NF-κB signature. A Spearman rank correlation was calculated for the expression data of each patient and each human NF-κB signature gene, and tumor sample profiles were clustered. The group assignments for the patient samples were determined based on the first bifurcation of the clustering dendrograms (28) . Diseasespecific survival (DSS) and distant metastases-free survival (DMFS) between the two groups (Favorable-prognosis and Poor-prognosis groups) were analyzed and compared by the Kaplan-Meier method (KM) and the Cox proportional hazards model for univariate and multivariate survival analyses.
For graphic representation, KM estimated survivor function was plotted for each subgroup. The KM curves helped to assess the relationship between disease-specific survival and survival time. Differences in survival time were tested for statistical significance by the log-rank test and the Cox proportional hazards model. The statistical modules including Spearman rank correlation, log-rank test, and KM plot, and univariate survival analysis were implemented in the iterative EXALT application with the opensource R scripts, version 2.10.1 (www.r-project.org).
Ingenuity Pathway Analysis. Functional annotation networks were generated using Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Mountain View, CA) software, which provides a graphical representation of the molecular relationships between genes. The network was generated using the 21 gene set. Molecules are represented as nodes, and the biological relationship between two nodes is In order to investigate the role of NF-κB signaling in PCa tumorigenesis and progression, we utilized a knockout mouse model of IκBα (20, 21) , the major inhibitor of NF-κB function (31) . The continuous activation of NF-κB signaling in the prostate of IκBα+/-mice was confirmed by crossing the IκBα+/-mice with NGL, a NF-κB reporter mouse (32, 33) (Supplementary Fig. 1 ). To investigate the influence of NF-κB signaling activation in prostate development, IκBα+/-and wild-type mice were sacrificed at 3 and 6 months of age and the prostates were harvested. In contrast to wild-type mice, the prostates with activated NF-κB signaling showed multiple layers of epithelial cells within the glandular structures surrounded by extensive fibromuscular stroma (Fig. 1A) . However, the prostatic epithelial cells lack nuclear features of dysplasia or malignancy, such as nuclear atypia, enlarged nucleoli, or invasion into the basal and stromal cells layer (Fig. 1A) . These results indicate that continuous activation of NF-κB signaling in the mouse is sufficient to cause hyper-proliferation in both the prostate epithelium and stroma, which are histological features characteristic of human benign prostatic hyperplasia. However, activation of NF-κB alone in the prostate does not cause tumorigenesis in this mouse model. developed prostatic adenocarcinoma by 3 months. Histologic analysis showed nuclear atypia, enlarged nucleoli, and frank invasion into the stromal compartment (Fig. 1B) . At 6 months of age, Hi-Myc mice developed invasive adenocarcinomas that were mainly limited to the dorsal and lateral prostatic lobes.
However, the Myc/IκBα+/-bigenic mice developed a more aggressive cancerous phenotype in the dorsal and lateral lobes as well as in the anterior and ventral prostatic lobes (Fig. 1C) . In addition, the prostate from Myc/IκBα+/-bigenic mice showed increased nuclear AR staining and significantly greater numbers of luminal Ki67 positive cells (p=0.042), a proliferation marker, when compared to HiMyc prostates (Supplementary Fig. 3A and B). However, significant distant metastasis was not detected in this model by the 6 month of age. These results indicated that continuous activation of NF-κB signaling enhances Myc induced mouse PCa development and progression.
Use of non-malignant NF-κB activated mouse prostates to identify human orthologs expressed in PCa patients.
In order to understand how NF-κB signaling contributes to PCa progression, we performed RNA microarray analysis on prostates dissected from intact wild-type and IκBα+/-, as well as androgen depleted (castrated) wild-type and IκBα+/-mice. Changes in gene expression were determined by using the wild-type prostate as the control (wild-type vs. IκBα+/-; castrated wild-type vs. castrated IκBα+/-; and wild-type vs. castrated wild type). Significant differential expression of mouse genes between the wild-type (control) and the experimental groups were identified. Unsupervised hierarchical clustering was performed with the extracted signature. In order to define a corresponding orthologous human NF-κB signature for cross-species survival analysis, NCBI Gene and NCBI HomoloGene databases were used to translate mouse array probesets to human homolog gene symbols. Mouse genes within the NF-κB signature were converted to the species-consistent (orthologous) human NF-κB signature genes. In order to investigate whether the gene expression signatures derived from mouse models can serve as predictors of progression of human PCa, we identified orthologous members of the human NF-κB signatures within expression data from primary human PCa data sets (PR18846227) published by the Mayo Clinic (24) . The Mayo Clinic microarray contains 526 gene targets for RNAs, including genes whose expression is altered in association with PCa progression (24) . The comparison of mouse identified/converted human orthologs to the Mayo Clinic data sets generated three lists of common genes as follows: 1) 21 human genes from NF-κB activated (IκBα+/-) androgen depleted (castration) mouse prostate ( Table 2 ).
NF-κB gene signature generated from a non-malignant NF-κB activated androgen depleted mouse prostate predicts overall cancer-specific survival of PCa patients
The human PCa Mayo Clinic microarray data set (PR18846227) consists of 596 tumors from patients that include 200 cases of systemic metastasis, 201 cases of PSA recurrence alone (biochemical recurrence) and 195 cases with no evidence of disease progression (24) . Radical Retropubic Prostatectomy (RRP) was performed on all patients. This PCa data set was interrogated by the human NF-κB signature derived from NF-κB activated androgen depleted mouse prostate (21 orthologous genes) (Table 1) as well as the NF-κB activated intact mouse prostate (24 orthologous genes) (Supplementary Table 1 ). To partition patient samples into two prognostic groups, a Spearman rank correlation was calculated for the expression data of patients and with the 21 and 24 human NF-κB signature genes. The 21 orthologous gene signature was termed NF-κB Activated Recurrence Predictor 21 (NARP21) and the 24 orthologous gene signature was termed NF-κB 24 (NF24).
From this NARP21 gene signature, two group assignments (Favorable-prognosis and Poor-prognosis groups) for the patient samples were determined based on the first bifurcation of the clustering (27) . KM and log-rank analyses demonstrate a significant difference in predicting PCa specific death (DSS) from the human PCa data sets by using the NARP21 gene signature (Fig. 2A) .
Univariate and multivariate analyses of NARP21 were performed to further evaluate the performance of NARP21 using DSS as clinic endpoint and compared with other known prognostic factors, namely, tumor stage, ploidy, PSA, and Age. The unadjusted (univariae) and adjusted (multivariate) HR of these factors and NARP21 were determined ( Table 2 ).
The prognostic value of NARP21 from unadjusted hazard ratio (univariate HR) (high risk vs. low Supplementary Fig. 4 ), the NARP21 signature performed the best in predicting PCa patient clinical outcome. Therefore, further analysis of NF24 signature is not presented.
In order to confirm whether the NARP21 signature is a function of loss of androgen signaling or also includes a contribution resulting from the activation of the NF-κB pathway, we analyzed the association between the signature generated from the androgen depleted wild-type mouse prostate (termed AD228) (Supplementary Table 2 ) and PCa specific survival. The AD228 signature was not associated with PCa 
specific death (HR: 1.1; 95% CI: 0.7-1.6; p=0.687) (Fig. 2B) . These results indicate that the NARP21 gene signature associated with PCa specific death is not due to the effect of androgen depletion alone.
NARP21 signature is associated with metastasis-free survival of PCa patients
In order to determine whether the NARP21 gene signature applied to prostate tissue at the time of radical surgery would predict subsequent development of systemic metastasis in the patients with localized PCa (stage T2 and T3), we analyzed its association with metastasis-free survival. Among 596 cases from the Mayo clinic cohort, 254 and 265 cases were identified as stage T2 and T3, respectively, while 77 cases had lymph node metastasis at the time of RRP. The 77 cases that were lymph node positive at the time of surgery were removed from this analysis and evaluated as a separate cohort (47/77 cases developed systemic metastasis). Among 519 cases of clinically localized PCa (stage T2 and T3; no lymph node metastasis), 153 cases progressed to systemic metastasis disease after prostatectomy (up to 15 years follow up) (24) . When we analyzed the NARP21 gene signature of patients with clinically localized PCa at the time of surgery, NARP21 was significantly associated with DMFS (HR: 2.7; 95% CI: 1.9-3.7; p<0.001) (Fig. 3A) . Therefore, the NARP21gene signature identifies changes in gene expression profile in the human primary tumor that have occurred prior to any clinical evidence of metastasis in the patient. Notably, the gene signature AD228 generated from a wild-type androgen depleted mouse prostate was not associated with DMFS in patients with localized PCa at the time of surgery (HR: 1.1; 95% CI: 0.8-1.4; p=0.651) (Fig. 3B ).
Univariate and multivariate analyses of NARP21 were also performed to evaluate the association between NARP21 and PCa metastasis ( Table 2 ). The prognostic value of NARP21 from unadjusted hazard ratio (univariate HR) (high risk vs. low risk) in PR18846227 was 2.8 (95% CI: 2.1 -3. Table 3 and Fig. 3C ). Survival analyses showed that the NARP21 gene signature predicts significant differences in the distant metastasis-free survival of the patients that had lymph node metastasis at the time of surgery (HR: 2.1; 95% CI: 1.0-4.3; p=0.0324) (Fig. 3D ). This result demonstrates that the association of the NARP21 gene signature with metastatic progression is independent of lymph node status.
Identification of gene networks and pathways associated with metastatic progression of human

PCa.
In order to further understand the detailed mechanism by which NF-κB signaling contributes to metastatic progression of PCa, we used the 21 genes (Table 1 ) from the NARP21 gene signature to perform an Ingenuity Pathway Analysis (IPA). IPA showed that this list would re-establish a direct link to the NF-κB pathway (Fig. 4 and Supplementary Fig. 5 ). In addition, the results showed a highly interconnected network of aberrations along the c-Jun N-terminal kinases (JNK) signaling pathway ( Fig.   4 and Supplementary Fig. 5 ). JNK signaling is one of the important pathways of mitogen-activated protein kinase (MAPK) signaling due to phosphorylation of its activation domain (34) . important downstream target by which NF-κB signaling promotes PCa progression. Our studies further indicate that activation of NF-κB signaling, either by constitutively active (EE) mutants of IKK2 ( Fig. 5 and Supplementary Fig. 6) or expression of p65 (Supplementary Fig. 7 ), increases JNK phosphorylation (but not that of p38MAPK) and decreases E-cadherin expression in PCa cells (Fig. 5) . In addition, blocking JNK signaling inhibits NF-κB induced invasive ability efficiently in PCa cells ( Supplementary   Fig. 8 ). 
Discussion
From the clinical perspective, it is understood that although two patients can be diagnosed with PCa of identical stage and grade, these same two patients can have very different clinical outcomes. One patient may harbor indolent PCa, which will remain non-harmful during his lifetime, while the other patient may harbor a tumor that will progress to lethal metastatic disease (38) . The tumors in different patients must be different at the molecular level and the goal of personalized medicine is to generate individual risk profiles from the primary PCa that could identify high risk individuals for aggressive therapeutic treatment and clinical follow up. As well, it is equally important to identify the patients that have indolent PCa in order to save these individuals from undergoing unnecessary treatment. Recently, several groups have investigated molecular and genetic characteristics of PCa in order to develop both prognostic and predictive biomarkers (39) (40) (41) . However, the use of these models in urologic practice is not standard.
Activation of NF-κB signaling alone by deletion of one allele of IκBα does not induce prostatic tumorigenesis in our mouse model, while, continuous activation of NF-κB signaling enhances earlier development of PCa in the Hi-Myc mouse model of PCa (Fig. 1) . In addition to our results, many studies have been reported that NF-κB signaling plays a critical role in the progression to castrate resistant and metastatic prostate cancer (13) (14) (15) (16) (17) . These results suggest that although development of PCa may require some other driver(s) to induce tumorigenesis, activation of NF-κB signaling is an important factor to contribute to PCa progression. Therefore, our studies were focused on the mechanism by which NF-κB signaling contributes to PCa progression and whether activation of NF-κB signaling is sufficient to predict poor survival outcome and systemic metastasis in the patients with PCa. Using nontumorigenic prostates from a mouse model with increased NF-κB activity and androgen depletion, we CAN-13-2543 developed a gene expression signature (NARP21) that discriminated high versus low risk cases of cancer metastasis and death in patient with PCa ( Fig. 2 and 3) . The data represents a successful, biologically-based translational model demonstrating that cross-species functional genomics approach can yield insights into the molecular mechanisms of human prostate pathogenesis. Most importantly, our ability to identify PCa patients with the most risk of disease progression is achieved via a signature that is generated from a non-cancerous mouse prostate with a single genetic change resulting in elevated levels of NF-κB pathway in an androgen depleted mouse.
Our studies showed that the human NF-κB signature, which derived from NF-κB activated androgen depleted mouse prostate, successfully predicted cancer prognosis ( Fig. 2A and 3A) . The signatures generated from the NF-κB activated intact mouse prostate (NF24) or the wild-type castrated mouse prostate (AD228) had less or no predictive value. The prostate is an androgen-sensitive organ, and it is well known that androgen activity plays a critical role in PCa development and progression. These results suggest that the contribution of NF-κB signaling in PCa progression may be more significant during treatment of PCa with androgen ablation therapy. This observation is consistent with our previous studies that show the activation of NF-κB signaling contributes to castrate resistant growth (13, 42) . In addition, analysis of the NARP21 genes by IPA showed that the 21-genes list reflected a gene network that is linked to the NF-κB pathway. Surprisingly, this NF-κB gene signature does not contain the obvious inflammatory markers associated with the traditional NF-κB pathway. These results suggest that some "non-standard" downstream target genes of NF-κB pathway may play an important role during tumor progression.
IPA studies, using NARP21 gene signature, showed a highly interconnected network of NF-κB and JNK pathways (Fig. 4) . It is well known that JNK signaling is an important component of the MAPK pathway and that it plays a critical role in cancer metastasis by affecting cellular migration and invasion (35) (36) (37) . Recent studies show that the knockout of JNK1 and JNK2 in the phosphatase and tensin homolog (Pten) null mouse model of prostate cancer results in increased tumorigenesis and metastasis (43) . This suggests that JNK restrains tumor progression. Our data indicates that NF-κB is upstream of JNK activation (Fig. 5) . Further, we see that drug inhibition of JNK increases invasiveness of PCa cells (Supplementary Fig 4) . Therefore, inhibition of the NF-κB pathway or altering the JNK pathway alone or in combination may have clinical utility to enhance the treatment of advanced PCa. Clearly, we need to further understand how the NF-κB and JNK pathway affects the development of metastasis and CRPC.
In summary, the NARP21 gene signature generated from a non-malignant NF-κB activated androgen depleted mouse prostate successfully distinguished subsets of human cancer and predicts clinical outcome in PCa patients. This prediction signature can have a significant impact on identifying patients with indolent or aggressive disease. association between overall cancer-specific survival prediction and the signature generated from NF-κB activated castrated mouse prostate (NARP21) or from the wild type castrated mouse prostate (AD228) (B). Two types of overall cancer-specific survival outcomes were compared in the plot: a poor-prognosis group (black dashed line) and a favorable-prognosis group (red solid line). The disease-specific survival (DSS) time in years is displayed on the X-axis, and the Y-axis shows the probability of overall cancerspecific survival. P value is by log-rank test. and the Y-axis shows the probability of systemic metastasis-free survival. P value is by log-rank test. showed pathways associated with the NARP21 gene signature genes (21 genes) derived from NF-κB activated androgen depleted mouse prostate. The network was generated using the NARP21 gene set. A simplified diagram from IPA shows the key molecular pathways detected by the NARP21 gene signature genes (red). A full molecular network is presented in Supplementary Fig. 5 . 
